Time of day-dependent variations of immune system parameters are ubiquitous phenomena in immunology. The circadian clock has been attributed with coordinating these variations on multiple levels; however, their molecular basis is little understood. Here, we systematically investigated the link between the circadian clock and rhythmic immune functions. We show that spleen, lymph nodes, and peritoneal macrophages of mice contain intrinsic circadian clockworks that operate autonomously even ex vivo. These clocks regulate circadian rhythms in inflammatory innate immune functions: Isolated spleen cells stimulated with bacterial endotoxin at different circadian times display circadian rhythms in TNF-␣ and IL-6 secretion. Interestingly, we found that these rhythms are not driven by systemic glucocorticoid variations nor are they due to the detected circadian fluctuation in the cellular constitution of the spleen. Rather, a local circadian clock operative in splenic macrophages likely governs these oscillations as indicated by endotoxin stimulation experiments in rhythmic primary cell cultures. On the molecular level, we show that >8% of the macrophage transcriptome oscillates in a circadian fashion, including many important regulators for pathogen recognition and cytokine secretion. As such, understanding the cross-talk between the circadian clock and the immune system provides insights into the timing mechanism of physiological and pathophysiological immune functions.
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adrenalectomy ͉ LPS ͉ IL-6 ͉ microarray ͉ TNF-␣ A 24 -h periodicity in the environment has led to the evolution of molecular circadian clocks in organisms ranging from cyanobacteria to humans. Circadian rhythms display a near 24-h period and persist even in the absence of external timing information. In mammals, a small hypothalamic region, the suprachiasmatic nucleus (SCN), has been identified as the master pacemaker regulating circadian rhythms in physiology, metabolism, and behavior (1) . Recent evidence shows that also peripheral organs such as liver, heart, kidney, skin, and even cultured cell lines contain circadian oscillators. Although the SCN probably sets the phase of these peripheral clocks (by as yet unknown means), recent reports implicate peripheral clocks in the regulation of local physiology (2) (3) (4) . The fundamental mechanism of rhythm generation is cell autonomous and highly conserved in SCN and peripheral cells: Interlocked transcriptional/translational feedback loops involving clock genes, such as Per1-3, Cry1-2, Clock, Bmal1, and Rev-Erb␣ create oscillations on the molecular level (reviewed in ref. 2) .
In the immune system, many functions and parameters have been described to be time-of-day dependent, e.g., lymphocyte proliferation (5), natural killer (NK) cell activity (6), humoral immune response (7), rhythms in absolute and relative numbers of circulating white blood cells and their subsets (8) , cytokine levels (9), and serum cortisol (10) (reviewed in ref. 11). In addition, time-of-day variation in susceptibility to infection (12) , course of disease [rheumatoid arthritis (13) or asthma (14) ], parameters in clinical diagnostics as well as pharmacological therapy uncover the integral role the circadian system plays in immunological responses (11) . Although both cell-autonomous and systemic pathways have been discussed to relay timing information (15) , it is largely unknown how the circadian system and the immune system are communicating. Circadian-controlled humoral factors such as cortisol and melatonin or innervations by the autonomic nervous system may regulate gene expression and protein activity (16), but it is also possible that local clocks in immune cells directly control cellular immune functions. Therefore, the aim of this study was to gain a deeper understanding of the mechanisms regulating circadian immunological rhythms on a cellular as well as on a systemic level. To this end, we systematically investigated (i) whether cells of the immune system possess an autonomous circadian clock, (ii) whether such a clock regulates circadian immune functions, and (iii) to what extent such a clock regulates the expression and possibly also function of immune system components. Answers to those questions will likely change our view on the dynamics and pathophysiology of immune responses.
Here, we first established that spleen, lymph nodes, and isolated macrophages do contain autonomous cellular oscillators that even operate without systemic time information. These clocks regulate circadian rhythms in cytokine secretion upon stimulation with bacterial endotoxin. Using adrenalectomized mice, we show that glucocorticoid hormones are necessary neither for circadian cytokine secretion rhythms nor for the phase of the immune clock. Global transcriptome analysis indicates that circadian regulation of immune functions likely occurs at many levels within regulatory networks of the immune system: Ϸ8% of all genes expressed in peritoneal macrophages are rhythmically transcribed, including essential elements in the LPS-triggered toll-like-receptor 4 (TLR4)/ TNF-␣ pathway, e.g., the LPS coreceptor Cd14, Mapk14, AP-1 subunits Jun and Fos as well as Adam17.
Results

Circadian Clock Genes Are Rhythmically Expressed in Spleen, Lymph
Nodes, and Peritoneal Macrophages. Circadian clock genes are expressed in a number of immunological compartments (17) (18) (19) ; however, it remains unclear whether they constitute a functional autonomous circadian clockwork able to operate without exogenous Zeitgeber information. To test the former, we first analyzed the expression levels of the key clock components Period2 (Per2) and Rev-Erb␣-representatives of two major feedback loops within the circadian clockwork-in spleen and lymph nodes of mice kept in constant conditions. Mice were entrained to a 12-h light/12-h dark (LD) cycle for 2 weeks and then transferred to constant conditions [i.e., constant darkness (DD), water and food ad libi-tum], and subsequently killed at regular intervals for two consecutive days. Expression of clock genes in spleen, inguinal lymph nodes, and CD11b ϩ peritoneal macrophages was determined. In spleen and lymph nodes both Per2 and Rev-Erb␣ transcripts showed high-amplitude circadian oscillations with peak-to-trough ratios of Ϸ4 for Per2 and Ϸ20 for Rev-Erb␣ (Fig. 1) . In peritoneal macrophages, amplitudes of Per2 and Rev-Erb␣ mRNA rhythms were much higher (peak-to-trough ratio of Ϸ100 and 300, respectively). The expression peaked around circadian time (CT) 6-9 for RevErb␣ and around CT 12-15 for Per2-similar to other peripheral tissues, such as in liver, heart, or kidney (Table S1 and ref. 17) .
To test whether these oscillating clock components are part of an autonomous functional clockwork, we used a knockin mouse model, where-instead of the clock protein PER2-a PER2::LUCIFERASE (PER2::LUC) fusion protein is expressed (20) . The circadian system in these PER2::LUC animals is unaffected, therefore circadian properties of various tissues can be analyzed by monitoring bioluminescence emission of tissue explants cultured in constant conditions. Spleen and lymph node explants of these mice show persistent circadian oscillation of bioluminescence for more than a week (Fig. 1) . Similar results were obtained by using a related rat model, i.e., the Per1::luc rat (4), where luciferase expression is driven by the circadian Period1 promoter (Fig. S1 ). To rule out the possibility that these oscillations are solely derived from rhythms of connective tissue cells, we monitored peritoneal macrophages from PER2::LUC mice ex vivo. These cells display a high-amplitude circadian rhythmicity for more than a week (Fig. 1) .
Together, these results indicate that, in immune cells, a circadian clock is able to operate autonomously without the requirement of systemic drivers.
Circadian TNF-␣ and IL-6 Secretion Rhythms in Lipopolysaccharide (LPS)-Challenged Spleen Macrophages. The existence of a cellular clock in tissues and cells of the immune system suggests that this peripheral clock fulfils a local regulatory function as described for other peripheral clocks (e.g., ref.
3). We asked whether this hypothetical regulation might also include immune cell-specific mechanisms like responses to surface receptors triggering cytokine secretion or cellular trafficking. Macrophages were found to represent an interesting model to study these questions: Already in 1960, Halberg and colleagues (21, 22) found that the mortality upon LPS-induced endotoxic shock in mice depends highly on the time of day when LPS is administered, suggesting a circadian clock regulation of macrophage-dependent cytokine secretion.
Therefore, we tested whether induced cytokine secretion from spleen cells (i.e., splenocytes-mononuclear white blood cells extracted from spleen tissue) is regulated by the circadian oscillator using splenic macrophages as a model system. To this end, spleens were harvested at 4-h intervals from C57BL/6 mice kept in constant conditions, and single cell suspensions of the splenocytes were stimulated with LPS. Subsequently, TNF-␣ and IL-6 levels were quantified in culture supernatants. Both TNF-␣ and IL-6 secretion of toll-like-receptor 4 (TLR4)-expressing spleen cells (i.e., mostly monocytes/macrophages) displayed a significant circadian oscillation ( Fig. 2A ) with an Ϸ2-fold peak-to-trough ratio and a peak phase in the subjective day (i.e., around CT8-12). We can exclude the possibility that these rhythms are primarily due to a time of day-dependent variation in the cellular composition of the spleen, because the amount of TNF-␣ and IL-6 per macrophage is also rhythmic, yet with a different phase (Fig. 2C ). To calculate cytokine secretion per macrophage, we analyzed the cellular composition of the spleen in a time-dependent manner. Interestingly, we found circadian fluctuations in relative number of T cells (CD90 ϩ ) and monocytes/macrophages (CD11b ϩ /CD14 ϩ ) as well as in absolute number of B cells and monocytes/macrophages. In addition, the number of total splenocytes was rhythmic in a circadian manner (Fig. 2B ), indicating that also immune cell trafficking is under circadian regulation. Because TNF-␣ and IL-6 levels normalized to monocyte number is still rhythmic, it seems reasonable to assume that cytokine secretion is regulated by the circadian clock within these cells.
Alternatively, rhythmic humoral signals, such as circadian variation in cortisol levels, might primarily control the observed rhythmic cytokine secretion pattern. Cortisol is a particularly plausible candidate because, first, it displays high amplitude circadian rhythms in serum abundance (10) , and, second, it has a prominent inhibitory function on proinflammatory cytokine transcription (23) . To test a putative regulatory role of glucocorticoid rhythms on the circadian control of cytokine secretion, we performed a second LPS stimulation experiment with spleen cells from adrenalectomized (ADX) mice. These mice are glucocorticoid deficient because of excision of the adrenal glands. As in nonoperated mice, LPS stimulated spleen-derived macrophages of ADX animals also showed a clear, statistically significant circadian pattern in TNF-␣ and IL-6 secretion with an Ϸ3-fold peak-to-trough ratio (Fig. 3A) . The total levels of TNF-␣ and IL-6 as well as the phase of oscillation were similar to nonoperated mice (compare Figs. 2C and 3A ). These results demonstrate that circadian cytokine response upon LPS stimulation does not depend on circadian cortisol levels but is likely due to functional circadian clocks within immune cells.
Still, systemic time cues other than glucocorticoids might drive circadian cytokine output of monocytes/macrophages. To exclude such a possibility, we analyzed TNF-␣ secretion ex vivo in primary cell culture of splenic and peritoneal macrophages. Every 4 h, one sample of 2-day primary macrophages cultured in parallel were (spleen: n ϭ 3-6; lymph nodes: n ϭ 3-4 except for n ϭ 2 at CT 6/day 2; macrophages: n ϭ 3-4) normalized to nonoscillating Gapdh expression levels. (Right) Autonomous clock gene oscillation in in vitro conditions. A small piece of spleen, superficial inguinal lymph nodes as well as peritoneal macrophages from PER2::LUC knockin mice (20) were cultured in medium containing luciferin. Circadian bioluminescence was continuously recorded for Ϸ1 week by using photomultiplier tubes. Representative time series for at least three independent experiments are shown. treated with LPS. Four hours later, TNF-␣ levels in supernatants were determined by ELISA. The results show that cytokine secretion in primary macrophages and primary spleen cell culture is significantly rhythmic in a circadian manner (Fig. 3B and Fig. S3 , respectively) underlining the importance of the macrophage clockwork for rhythmic LPS-induced cytokine secretion.
Approximately 8% of the Macrophage Transcriptome Is Under Circadian Regulation. Regulation of gene expression is a major output mechanism of the circadian clock (24) . To investigate how the circadian system interacts with and modulates immune functions, we performed a global circadian gene expression profiling experiment in macrophages. We sorted peritoneal CD11b ϩ macrophages sampled every 4 h over 48 h. Total RNA from indicated times was pooled and used for microarray-based genome-wide transcriptional profiling. A total number of 17,308 genes were detected to be expressed in peritoneal macrophages. Fourier score analysis for determination of circadian expression patterns identified 1,403 (i.e., 8.1%) genes to be rhythmically expressed in a circadian manner (Fig. 4A and Fig. S6 ). Among these were, as expected, canonical clock genes such as Bmal1, Cry1, Cry2, Per1, Per2, Per3, Rev-Erb␣, and Rev-Erb␤ as well as the clock-controlled genes Dbp and Nfil3. These data were confirmed by quantitative PCR analyses (Fig. 4B and Table S1 ).
Using these data, we next investigated whether circadian TNF-␣ release upon LPS stimulation might be controlled by transcriptional regulation of components involved in TLR4 signaling. This pathway is complex and includes transcriptional but also posttranscriptional, translational, and posttranslational events (25) . We find circadian transcriptional regulation at every level of LPS-induced immune response (Fig. 5 and Table S2 ): (i) components regulating LPS binding to TLR4, or the homodimerization of TLR4 (MD-1 and CD180/RP105); (ii) components of the MAPK pathway controlling multiple downstream levels including transcription factor activation (e.g., ERK1) and cytokine protein processing (e.g., MEK1); (iii) subunits and regulatory components of NFB and AP-1-transcription factors involved in proinf lammatory cytokine transcription (NFB1, RELA, IB␣, JUN, FOS); (iv) components regulating cytokine mRNA stability and localization (ELAVL1, SFPQ) as well as protein processing (ADAM17). The pervasive nature of transcriptional circadian control within this pathway makes it very likely that the observed rhythmic immune functions are at least in part controlled by circadian clocks present in immune cells.
Discussion
Time of day-dependent changes in various parameters have long been known in mammalian physiology including the immune system. Rhythms in immune cell number, cytokine concentra- Spleens from adrenalectomized C57BL/6 mice were harvested and analyzed as described in Fig. 2 . TNF-␣ and IL-6 cytokine secretion per macrophage was determined via ELISA by taking the absolute number of monocytes/macrophages of the spleen into account (see also Figs. S2 and S4A and Materials and Methods). Circadian oscillations are statistically significant as analyzed with CircWave (P Ͻ 0.001 and P Ͻ 0.05 for TNF-␣ and IL-6, respectively). (B) TNF-␣ response upon LPS stimulation is regulated by a cell-intrinsic, local clock. Spleen cells from 20 C57BL/6 mice were harvested, pooled, and plated for tissue culture. Individual wells were stimulated for 4 h with LPS at indicated times, and supernatants were collected thereafter. TNF-␣ levels in supernatant were determined by ELISA and tested for statistical significance with CircWave (presented are means Ϯ SEM, n ϭ 15, P Ͻ 0.0001).
tion, surface marker abundance, and immunological effector functions etc. support the argument for a pervasive regulation of the immune system by the circadian system. Recent years have witnessed an enormous progress in our understanding of the molecular basis of the circadian clock and its importance for health and disease (26) . We know now that many peripheral tissues have autonomous circadian clocks, and we also know that these peripheral clocks are essential regulators of normal peripheral physiology (3, 27) .
Here, we provide evidence that fully operational autonomous circadian clockworks exist in immunological tissues like spleen, lymph nodes, and resident peritoneal macrophages. Focusing on macrophages, we find that a crucial feature of innate immunitythe recognition of pathogens and subsequent initiation of defense strategies-is strongly regulated by a macrophage-intrinsic clock. Specifically, the strength of proinflammatory cytokine production of macrophages in response to bacterial endotoxin is determined by the circadian phase of the macrophage clock rather than by systemic circadian modulators such as rhythmic cortisol levels (10) . Using systematic transcriptome analysis of peritoneal macrophages-showing Ϸ8% of transcripts rhythmically expressed-we uncover multiple possible control points in the LPS response pathway that link the macrophage-intrinsic circadian clock with crucial immunological effector functions.
Fully functional circadian clockworks within immunological compartments like spleen and lymph nodes (Fig. 1 ) put these tissues in line with other peripheral organs such as liver, kidney, heart, and lung. The phase of clock gene expression rhythms parallels that in other tissues (17) , which may indicate similar input pathways. However, the cellular composition of immunological tissues does not remain constant over the period of 1 day as it seems to be the case for nonimmunological tissues (Fig. 2) , making immunological tissues even more dynamic. This timedependent heterogeneity together with the different cell types in immunological tissues (such as granulocytes, T cells, B cells, myeloid lineage derived cell lines, and others) underlines the fact that clock gene dynamics are representing an average of many possibly distinct clocks in different cell populations. A number of publications report clock gene expression in some of the cell types and subpopulations thereof (6, 28, 29) . Yet, comparing these data is difficult because of large differences in the experimental conditions (tissue/compartment, species, light schedule, etc.). Thus, much more work has to be done to accumulate a comprehensive picture of clock gene expression within different populations and compartments of the immune system.
What are the functions of such local, immune cell intrinsic clocks? Several studies report circadian variation in cytokine levels, lytic activity, and phagocytosis in NK cells and macrophages (6, 28) . From these in vivo and ex vivo experiments, it is not clear, however, whether local or systemic timing signals are responsible for the observed fluctuations. One candidate for a systemic timing signal-cortisol-is secreted in a circadian manner by the adrenal gland (10) and has been proposed to (i) drive circadian rhythms of cytokines and other immune functions (30) and (ii) to participate in the synchronization of peripheral oscillators (31) . Here, we show that glucocorticoids are necessary neither for rhythmic LPS-induced cytokine secretion nor for daily resetting by the master clock. Circadian oscillations in spleen cell numbers, their cellular composition, and cytokine secretion are very similar in adrenalectomized mice compared with nonoperated mice with respect to phase and amplitude (compare Figs. 2, 3 , and S2). We cannot exclude, however, that systemic time cues such as glucocorticoids, melatonin, or adrenergic/noradrenergic hormones play a role in synchronization or shaping of an immune response in the intact organism. Still, the fact that circadian cytokine secretion rhythms persist in constant in vitro culture conditions (Fig. 3 and Fig. S1 ) strongly indicates that a local macrophage-intrinsic clock rather than systemic cues is predominantly regulating these immune cell rhythms.
How does the molecular circadian clock regulate rhythmic macrophage functions? Transcriptional regulation is one of the major output routes of the circadian system (24) . In many tissues, a substantial fraction (5-10%) of the transcriptome is controlled by the circadian clock, with most transcripts oscillating in a tissue-specific manner. Here, we demonstrate in peritoneal macrophages that Ϸ8% of the expressed genes show circadian modulation. When analyzing specifically the LPS immune response pathway, we discovered circadian expression at multiple levels ranging from signal reception via signal transduction to response generation (Fig. 5) . Interestingly, for proteins acting in a complex like AP-1, or the TLR4 inhibitory molecules CD180 and MD-1, the phase of their gene transcription is similar, Fig. 4 .
Eight percent of all transcripts in macrophages are expressed with a circadian rhythm. (A) Phase-sorted heat map of genes transcribed in a circadian manner in peritoneal macrophages. Cells harvested via peritoneal lavage from four C57BL/6 mice every 4 h were magnetically purified for CD11b surface expression (see Fig. S5 ). Three individual RNA samples of each time were pooled and subjected to global gene transcription measurement by using Affymetrix chips. The analysis on circadian rhythmicity was done with CircWaveBatch. Lfdrs were determined and cutoff value was arbitrarily set to 0.1 as a measure for rhythmic versus nonrhythmic transcripts (see Fig. S7 ). Genes expressed in a circadian manner were plotted phase-sorted in a heat-map style (colors indicate minmax normalized relative expression: green, minimum expression; red, maximum expression). indicating that circadian transcription is precisely controlled and therefore has, most likely, a functional impact within this signaling pathway. The sheer amount of circadian transcription uncovered here points to a regulatory role of the circadian clock in many other functional aspects (including phagocytosis, antigen presentation, and immune regulation). Among the genes expressed with high amplitude, we found members of the stress response (Hspa1, Hspd1, Hspa5 At present, it is unclear how and to what extent these transcriptional rhythms are conveyed into rhythmic immune cell outputs. Further experiments (e.g., studying the regulation downstream of transcription) are required to unravel the mechanistic details. In the case of the phagocytosis function of macrophages, a circadian control is very likely, because a diurnal regulation has been reported recently (but not yet a circadian regulation, i.e., in constant environmental conditions) (28) . Another immune cell population of the innate immune systemthe NK cells-show circadian rhythmicity on functional and molecular levels (refs. 6 and 32 and reviewed in ref. 33) , again underlining the pervasiveness of circadian control in the immune system.
Why should the response to bacterial endotoxin in macrophages be regulated in a time of day-dependent manner? The dramatic diurnal variations in survival rate observed in an endotoxic shock mouse model first described by Halberg and colleagues (21, 22, 34) suggest a biological significance of the timing of immune functions. Although we cannot formally exclude other influences, we speculate that the high amplitude in mortality is due to circadian variation in proinflammatory cytokine secretion. In fact, the TNF-␣ and IL-6 secretion patterns observed in this study from ex vivo stimulated spleen cells peak in subjective day, when the mortality rate of endotoxic shock is highest (21) . At the same time overall spleen cell content and relative as well as absolute numbers of monocytes/ macrophages have their maxima (Fig. 2 A and B) . Evolutionary adaptation to time of day-dependent pathogen pressure or activity correlated infection risk is an overt interpretation of these phenomena. Because macrophages are critical elements of the first line of defense against bacterial infections, anticipation of daily variation of infection risk is probably of great advantage. On the other hand, excessive responsiveness of these cells may be detrimental for the organism, and thus a tight regulation of its timing is likely to be beneficial.
A local circadian clock in cells of the immune system might enable the organism to integrate various environmental time cues (such as light conditions, food availability, physical activity) to better adapt to the requirements of individual habitats as it has been suggested for other peripheral clocks (35) . Local clocks modulated by systemic timing cues offer the possibility to influence phases, phase relations, and amplitudes as well as expression levels of functional groups of genes. Although this study focuses on the level and mechanism of circadian regulation of immune functions, evidence exists that the relationship of both systems is bidirectional, i.e., that also immune system parameters can modulate the circadian clock (reviewed in refs. 36 and 37). For example, LPS can phase shift the clock in mice (38) , and proinflammatory cytokines (such as TNF-␣) both can alter circadian neuronal activity in the SCN (39) as well as down-regulate clock gene expression in cultured fibroblasts (40) . Moreover, the impact of infections on circadian rhythms and clock-controlled behavior (such as sleep/wake patterns) is a matter of intense research (reviewed in refs. 36, 37, and 41) .
Learning more about circadian immune regulation should not only have strong impact on our understanding of the pathophysiology of inflammatory responses but also on antiinflammatory drug strategies. In addition, the immune system might turn out to be a flexible and versatile model to tackle many open questions of circadian physiology on multiple scales (e.g., from behavior and disease to cellular and molecular levels) due to the availability of adoptive transfer techniques and large numbers of conditional Cre-expressing mouse lines. Thus, we anticipate that not only chronobiology will profit from immunological tools and techniques but also that immunologists will increasingly appreciate yet another level of dynamics in immunological responses and functions.
Materials and Methods
Bioluminescence Recordings. A small piece of spleen and inguinal lymph nodes of PER2::LUC mice (20) and a Per1:luc rat (4) were cultured individually on Millicell membranes (Millipore). Peritoneal macrophages were cultured in Petri dishes. Bioluminescence was recorded using medium containing 0.1 mM beetle luciferin (Promega) and single photomultiplier tubes (Hamamatsu Photonics) (42) .
Cytokine Secretion Assay. Ex vivo assay. Splenocytes from wild-type and adrenalectomized mice were harvested every 4 h after transfer in DD and treated with 5 g/mL LPS (Alexis, from Escherichia coli serotype R515) for 4 h. In vitro assay. Splenocytes and peritoneal macrophages were collected and cultured in parallel by using microtiter plates. Every 4 h cells were treated with LPS (3 g/mL) for 4 h starting at 24 h after seeding. Cell-free supernatants were harvested, frozen at Ϫ20°C, and analyzed at the end of the time series. TNF-␣ and IL-6 contents in the supernatant were analyzed by ELISA.
Analysis of the Circadian Transcriptome in Macrophages. Peritoneal cells were harvested from four mice every 4 h on two consecutive days after transfer in DD. Macrophages were purified by magnetic cell sorting (see SI Text for details), and total RNA was isolated by using RNeasy Mini kit (Qiagen). Gene expression profiles were determined by using GeneChip Mouse Gene 1.0 ST arrays (Affymetrix) and corresponding software packages. Analysis on circadian gene transcription was performed with CircWaveBatch v3.3 software (R. A. Hut) (43) and controlled for multiple testing errors by estimation of the local false-discovery rate (44) .
Additional information about materials and methods used is available in SI Text.
